The crystal structures of six anti--ketoarylhydrazones are reported: (a1) (E)-2-(4-cyanophenylhydrazono)-3-oxobutanenitrile; (a2) (E)-2-(4-methylphenylhydrazono)-3-oxobutanenitrile; (a3) (E)-2-(4-acetylphenylhydrazono)-3-oxobutanenitrile; (a4) (E)-2-(2-methoxyphenylhydrazono)-3-oxobutanenitrile; (a5) (E)-2-(2-acetylphenylhydrazono)-3-oxobutanenitrile; (a6) (E)-2-(2-nitrophenylhydrazono)-3-oxobutanenitrile. All compounds contain the %-conjugated heterodienic group HNÐN CÐC O and could form, at least in principle, chains of intermolecular NÐHÁ Á ÁO hydrogen bonds assisted by resonance (RAHB-inter). Compounds (a1) and (a2) form this kind of hydrogen bond though with rather long NÁ Á ÁO distances of 2.948 (3) and 2.980 (2) A Ê , and compound (a6) undergoes the same interaction but even more weakened [NÁ Á ÁO 3.150 (1) A Ê ] by the intramolecular bifurcation of the hydrogen bond donated by the NÐH group. The intrinsic weakness of the intermolecular RAHB makes possible the setting up of alternative packing arrangements that are controlled by an antiparallel dipole±dipole (DD) interaction between two C O groups of theketohydrazone moiety [compounds (a4) and (a5)]. The critical factors that cause the switching between the different packings turn out to be the presence of hydrogen bonding accepting substituents on the phenyl and, most frequently, the intramolecular NÐHÁ Á ÁO bond with the O atom of the phenyl o-substituent. The crystal packing is widely determined by RAHB-inter (three cases) or DD (two cases) interactions. Only compound (a3) displays a different packing arrangement, where the DD interaction is complemented by a non-resonant hydrogen bond between a p-acetyl phenyl substituent and the hydrazone NÐH group [NÁ Á ÁO 2.907 (2) A Ê ]. Crystal densities range from 1.24 to 1.44 Mg m À3 and are shown to increase with the number of intermolecular hydrogen bonds and other non-van der Waals interactions.
Introduction
Because of our continuing interest in the structural studies of heterodienic systems forming NÐHÁ Á ÁO hydrogen bonds assisted by resonance (Bertolasi et al., , 1995 (Bertolasi et al., , 1998 Bertolasi, Nanni et al., 1994; , the crystal structures of a series of six anti--ketoarylhydrazones (I) are reported. All these compounds contain the heterodienic system H(Ar)NÐ N C(CN)ÐC O [see (I)], with the N(Ar)H and ketonic groups in anti positions with respect to the C N double bond, and are imputed to form intermolecular NÐHÁ Á ÁO hydrogen bonds assisted by resonance (RAHB; Gilli et al., 1994 Gilli et al., , 1996 in analogy with Á Á ÁHNÐ C CÐC OÁ Á Á -enaminones, where it has already been shown (Bertolasi et al., 1995 (Bertolasi et al., , 1998 ) that the intermolecular NÐHÁ Á ÁO bond can be strengthened by RAHB only in the presence of substituents at the heterodienic moiety having speci®c electronic properties. These ®ndings were interpreted in terms of two main facts: (i) the NÐHÁ Á ÁO 6 NÁ Á ÁHÐO resonance is only a potential factor of NÐHÁ Á ÁO hydrogen-bond strengthening because of the large proton af®nity (PA) difference between the hydrogen-bond donor and acceptor atoms; (ii) the RAHB is, however, made stronger by the concomitant presence of chemical substituents able to reduce such a PA gap. The present paper is intended to extend to the analogous Á Á ÁHNÐ N CÐC OÁ Á Á anti--ketohydrazones the previous analysis carried out on the -enaminone system by assessing the strength of the hydrogen bonds formed and their relevance in determining the crystal packing of these compounds.
Experimental
Compounds have been obtained from coupling of arene diazonium ions with 3-aminocrotonitrile. Their detailed Nardelli, 1983 Nardelli, , 1995 , SHELXL97 (Sheldrick, 1997)
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PARST ( Nardelli, 1983 Nardelli, , 1995 , SHELXL97 (Sheldrick, 1997) syntheses have been reported elsewhere (Brown et al., 1995; Jollimore et al., 1996) . Compounds (a1), (a2) and (a5) were recrystallized from a mixture of ethyl acetate and acetonitrile; (a3) and (a6) from ethyl acetate; (a4) from ethanol. Crystal data, data collection and re®ne-ment details are given in Table 1 .² All X-ray diffraction data were collected at room temperature on an Enraf± Nonius CAD-4 diffractometer using graphite-monochromated Mo K radiation with the 3/2 scan technique. Lattice constants were determined by leastsquares ®tting of the setting angles of 25 re¯ections. Intensities of three standard re¯ections were measured every 2 h and did not show signi®cant variations for any of the six compounds investigated. All intensities were corrected for Lorentz and polarization effects. Scattering factors were taken from Cromer & Waber (1974) . The structures were solved by direct methods using the SIR92 (Altomare et al., 1994) system of programs, and all other calculations were accomplished using SHELXL97 (Sheldrick, 1997) and PARST (Nardelli, 1983 (Nardelli, , 1995 . All structures were re®ned by full-matrix least-squares methods with anisotropic non-H atoms and isotropic H atoms.
Results
Final coordinates are given in Table 2 and a selection of bond distances and angles in Table 3 . Table 4 reports the hydrogen-bond parameters, Table 5 reports the bond orders (Pauling, 1947) and %-delocalization parameters within the -ketohydrazone moiety. In all compounds the -ketohydrazone fragment displays a zigzag planar conformation with the N(Ar)H in an anti con®guration with respect to the C O group, and has the correct geometry for forming, at least in principle, chains of intermolecular NÐHÁ Á ÁO bonds assisted by resonance. These hydrogen bonds, however, are observed only in the crystals of compounds (a1) and (a2), where the planar molecules are linked in hydrogenbonded zigzag chains of 2 1 symmetry to form isostructural crystal packings (Figs. 1b and 2b) . Their NÁ Á ÁO distances of 2.948 (3) and 2.980 (2) A Ê , respectively, are only slightly shorter than the mean value of 3.08 (14) A Ê Table 7 . Short CÐHÁ Á ÁO/N contacts (A Ê , ; Taylor & Kennard, 1982; Berkovitch-Yellin & Leiserowitz, 1984; Desiraju, 1996; Steiner, 1996) determined from 27 non-resonant C(sp 3 ) 2 NÐ HÁ Á ÁO C hydrogen-bonded systems (Bertolasi et al., 1998) and do not show any shortening with respect to the mean distance of 2.89 (11) A Ê calculated for a sample of 1357 intermolecular neutral NÐHÁ Á ÁO hydrogen bonds (Taylor et al., 1984) . These distances can be compared with those observed in -enaminones forming intermolecular RAHB (Bertolasi et al., 1995 (Bertolasi et al., , 1998 which are 2.86 (5) A Ê (average on 24 structures) for simple enaminones (that is, enaminones not carrying hydrogen-bond-strengthening substituents) and 2.73 (4) A Ê (average of 18 structures) for those carrying such substituents. The comparison indicates that the NÐ HÁ Á ÁO bonds formed by compounds (a1) and (a2) are to be considered rather weak, in spite of the possible contribution of resonance, and this can be ascribed to the fact that the 2-CN substitution is inef®cient in reducing the PA difference between the hydrogen-bond donor and acceptor atoms, in agreement with the weak %-delocalization of the CÐC O moiety in the Á Á ÁHNÐ N CÐC OÁ Á Á fragment (Table 5) , which is incompatible with the delocalization expected for strong RAHBs. The %-delocalizations were evaluated in terms of Pauling bond order n (Pauling, 1947) in the two separate O CÐC and C NÐNH subfragments as: , respectively, and 1/2 for the fully %-delocalized system. Values reported in Table 5 show that the large 3,4 values (0.32±0.46) are not paralleled by those of 1,2 , which are rather small (0.06±0.13) and not such to suggest any RAHB delocalization.
In both crystals the two RAHB chains are centrosymmetrically stacked along the a axis in a close-packed van der Waals packing; this arrangement, in compound (a1), helps establish a weak ES/DA interaction between the negatively charged oxygen of the C1 O1 and the electrophilic carbon of the C11 N4 group (Table 6 , Fig. 1c ) with an O1Á Á ÁC11 distance of 3.295 (4) A Ê . This further interaction, together with a larger number of CÐHÁ Á ÁO/N contacts (Table 7) , can account for the slightly greater density of 1.287 Mg m À3 in (a1) than that of 1.238 Mg m À3 in (a2). Because of the p-acetyl group on the phenyl, the packing of compound (a3) is dominated by non-resonant intermolecular hydrogen-bonded chains linking N1ÐH of the hydrazone moiety to the carbonyl group of this p-acetyl substituent [N1Á Á ÁO2 2.907 (2) A Ê ] forming the helical arrangement around a 2 1 axis shown in Fig. 3(b) . These chains are connected two-by-two (Fig. 3c) by dipole±dipole (DD) interactions between two C1 O1 carbonyls (Gavezzotti, 1990; Allen et al., 1998; Allan et al., 1999) not involved in any hydrogenbond formation. This antiparallel carbonylÁ Á Ácarbonyl interaction is characterized by a C1Á Á ÁO1 distance of 3.138 (2) A Ê (Fig. 3c) . The higher density of this crystal (1.336 Mg m À3 ) indicates that the sum of the non-resonant N1ÐHÁ Á ÁO2 chain and DD interaction provides a more ef®cient packing than the simple RAHB chain found in (a1) and (a2).
Compound (a4) displays an o-methoxy group on the phenyl ring whose O atom is implied in a weak intramolecular hydrogen bond with the NÐH group [N1Á Á ÁO2 2.589 (2) A Ê , N1ÐHÁ Á ÁO2 101 (2) ]. This bond, together with the relative positions of methoxy and cyano groups (which are on the same side of the NH group and do not favour a good NH and C1 O1 approaching), hinders the formation of the intermolecular RAHB observed in compounds (a1) and (a2). The crystal packing remains controlled, besides van der Waals stacking interactions, only by antiparallel carbonyl±carbonyl DD interactions having C1Á Á ÁO1 distances of 3.342 (1) A Ê (Fig. 4b) . Accordingly, the density is lowered to its present value of 1.258 Mg m
À3
. Compound (a5) is strictly similar: the formation of the intermolecular RAHB is prevented by the intramolecular hydrogen bond N1ÐHÁ Á ÁO2 [N1Á Á ÁO2 2.598 (1) A Ê , N1ÐHÁ Á ÁO2 135 (1) ; Fig. 5(a) ] so that the only speci®c interaction left is the antiparallel DD interaction (Fig. 5b) ) and a more complex packing which includes four different interactions. The intramolecular N1ÐHÁ Á ÁO2 hydrogen bond [N1Á Á ÁO2 2.611 (2) A Ê ; N1ÐHÁ Á ÁO2 129 (1) ; Fig. 6(a) ] and the hindering effect of the cyano group do not avoid the formation of the intermolecular RAHB chain N1ÐHÁ Á ÁO1 (Fig. 6b) , but the chain so formed is heavily distorted and its intermolecular hydrogen bond weakened [NÁ Á ÁO 3.150 (1) A Ê ]. The packing is, however, tightened by two other weak interactions, the ®rst of plausible ES/DA nature [C1Á Á ÁO4 3.069 (2) A Ê between the negative O1 of the 
Discussion
The packing of the six compounds considered appears to be controlled, besides the normal attractive and repulsive van der Waals forces, by a number of speci®c interactions which are summarized in At least within the present set, the two interactions are mutually exclusive and appear to give comparable contributions to the intermolecular attraction, as shown by the similar densities of (a1)/(a2) (hD c i = 1.26 Mg m
À3
) and (a4)/(a5) (hD c i = 1.27 Mg m
), whose packings are dominated by RAHB-inter and DD interactions, respectively. This competition (Allen et al., 1998) is made possible by the intrinsic weakness of the NÐHÁ Á ÁO RAHB (Bertolasi et al., 1998) , as discussed above, and has never been observed in the case of the stronger intermolecular OÐHÁ Á ÁO RAHBs Bertolasi et al., 1996) . Moreover, each compound studied is endowed with different phenyl substituents, and these mostly determine the packing mode. The main factor is the N1ÐHÁ Á ÁO1 intramolecular bond made possible by oxygenated substituents at the o-phenyl position (HB-intra). Its effect is that of weakening the bifurcated RAHB-inter as in (a6) or to delete it as in (a4) and (a5), switching the packing from RAHB-inter to DD interactions. Compound (a3) is the only example where an accidental substituent (an acetyl in the pphenyl position) gives rise to a different packing arrangement based on a non-resonant hydrogen bond (but supported by the usual DD interaction).
Other possible interactions (ES/DA and CÐHÁ Á ÁX interactions; Table 8 ) are clearly unable to change the packing mode. They can contribute, however, to packing ef®ciencies as shown by the crystal density which is, on average, 1.264 for just one interaction [(a1), (a2), (a4) and (a5) 
